We review the fundamental properties and main applications of organic derivatives and complexes of fullerenes in the solid-state form. We address in particular the structural properties, in terms of crystal structure, polymorphism, orientational transitions and morphology, and the electronic structure and derived properties, such as chemical activity, electrical conduction mechanisms, optical properties, heat conduction and magnetism. The last two sections of the review focus on the solid-state optoelectronic and electrochemical applications of fullerene derivatives, which range from photovoltaic cells to field-effect transistors and photodetectors on one hand, to electron-beam resists, electrolytes and energy storage on the other.
INTRODUCTION
Fullerenes, which represent the fourth known allotrope of carbon after diamond, graphite and amorphous carbon, were considered for some time promising materials for a wide range of applications. However, the utilization of these remarkable all-carbon molecules for applications in biochemistry and medicine or low-cost device fabrication is hindered by their insolubility in a large number of solvents (besides organic ones [1] ) including especially water, where clustering of the molecules is reported [2] , and by their low stability under ambient conditions in powder and thin-film form [3, 4] . Fullerene derivatization aims on one hand at overcoming these shortcomings of the parent moieties, and on the other hand to confer the all-carbon cages enhanced physicochemical functionalities.
We describe here the basic solid-state properties of fullerene derivatives, focusing especially on the functionalization of the lowest-molecular mass fullerene, the buckyball or buckminsterfullerene C 60 . In some cases a comparison with pristine fullerite (solid C 60 ) or with simple inorganic salts of C 60 (e.g., alkali fullerides) will be made in order to highlight the effect of functionalization. The basic solid-state property is the structural arrangements of the molecules, which include the position of their centers of mass as well as their orientation and possible distortions from the quasi-spherical shape. For a globular molecule like fullerene, the most important degrees of freedom in the condensed state are conformational and orientational (rotational) ones.
*Address correspondence to this author at ETSEIB -Universitat Politècnica de Catalunya (UPC), Av. Diagonal 647, E-08028 Barcelona, Spain; Tel: +34 9340 16568; E-mail: roberto.macovez@upc.edu For example, fullerite displays at room temperature a socalled "rotator" phase (also referred to as "plastic crystal" phase), in which the molecules spin around their centers of mass as free rotors. As the temperature is lowered, two solidsolid transitions are observed, both of which arise from the rotational degrees of freedom.
As in most molecular solids, the vibrational states in fullerite (apart from librations) are in general only weakly affected by intermolecular interactions, and are better described as quasiintramolecular vibrations than as intermolecular phonon modes as in inorganic crystals. The same holds for the electronic band structure, which is composed of narrow bands directly derived from corresponding molecular orbitals. Under these circumstances, it is the intermolecular coupling to nearest-neighbor molecules (rather than the delocalized interactions as in conventional solids) that is responsible for macroscopic properties such as charge and heat transport, structural and magnetic ordering, and of optical properties such as the lifetime of excitonic states. Functionalization or complex formation with other organic moieties modifies the electronic levels and vibrational modes of the individual fullerene molecules, and thus the derived electronic bands and phonon states in the solid state, which as discussed mainly reflect those of isolated fullerene derivatives; but it also leads to a different intermolecular coupling, which may affect charge conduction or magnetic properties.
As most organic molecular materials, fullerenes and their derivatives are semiconducting or insulating in the solid state. C 60 is an electron-accepting molecule [5, 6] , and this property is retained by most of its derivatives [7] . These fundamental properties of fullerenes make them very attractive semiconducting systems for charge-separation and electron-transport devices, such as light detectors, n-channel field-effect transistors, or solar cells. While devices based on C 60 have been mostly obtained using high-vacuum filmdeposition techniques and are destroyed if exposed to air, chemical functionalization yields derivatives that are soluble in a wider range of solvents and less prone to photooxidation (see Section A). These derivatives can therefore be solutionprocessed to obtain air-stable films for e.g. (opto)electronics and electrochemistry applications.
We start by reviewing the molecular structure of fullerene derivatives and the general goals of functionalization (Section A), to then move on to the study of the solid-state structural properties and phase behavior of functionalized fullerenes (including magnetic transitions, Section B) and to their electronic and optical properties (Section C). We conclude with a discussion of the implementation of fullerene derivatives in electronic and optoelectronic devices, such as field-effect transistors, bulk heterojunction solar cells or light detectors (Section D), and in solid-state chemistry applications such as surface catalysis, electrochemical devices or chemically amplified electron-beam lithography (Section E).
A) OVERVIEW OF FULLERENE DERIVATIVES
The discovery of buckminsterfullerene (C 60 ) in 1985 [8] and five years later of a protocol for its bulk production [9] triggered an intense research activity on pristine fullerenes in the last decade of the past century. More recently, the limits of practical applications of unfunctionalized fullerenes have began to emerge (e.g. due to instability in film-form or poor processability) and the focus of the community of researchers working on carbon-based materials has shifted towards other carbon structures such as nanotubes or graphene. While pristine fullerenes have become standard model systems which are still very widely used in fundamental physical studies, the focus of applied fullerene research has shifted to fullerene derivatives. As will be shown in the following, in recent years a number of important studies have appeared on solid-state applications of functionalized fullerenes. Buckminsterfullerene is usually the preferred substrate for functionalization, as its higher molecular symmetry compared to the other fullerenes leads to a lower number of possible isomers in the functionalization products. Also because the derivatives of C 60 are the most studied ones, most of the review will focus on these systems.
A.1. General aims of the organic functionalization of fullerene
Organic derivatization of the all-carbon fullerene molecules is carried out to obtain new molecules with enhanced/modified properties or functions. The targeted functionalities cover a wide spectrum of physico-chemical properties, summarized in what follows.
i) Enhanced device stability in air. Pristine C 60 in powder and thin-film form is unstable under ambient conditions. In fact, due to the relatively large (on the atomic scale) interstitial voids between the molecules in pristine fullerite, molecular oxygen readily diffuses into it [10] . Subsequent illumination by light triggers photochemical reactions leading to C-O binding and disruption of the fullerene cages. [3, 4] For this reason, C 60 is normally stored under noillumination conditions, and C 60 films and devices are only achieved and characterized under vacuum or inert atmosphere, often requiring in situ measurements on freshly deposited samples. Fullerene functionalization can prevent photo-oxidation, either by changing the chemical reactivity of charged fullerene moieties by modifying the energy position of the lowest unoccupied molecular orbital (LUMO) with respect to the trap energy of adsorbed atmospheric oxidants (oxygen and water), or by introducing sideadducts that modify the solid-state structure and act as a barrier against oxygen or water diffusion [11, 12] .
ii) Tuneable hydrophilic character and solubility in water. C 60 and higher fullerenes are hydrophobic and exhibit very poor solubility in water. The mechanism of fullerite solvation in water involves the surface hydroxylation of fullerene clusters, that is to say, a sort of spontaneous derivatization: C 60 crystals are split by interaction with the H 2 O molecules into C 60 clusters whose outer surface becomes functionalized with OH groups [13] . Similarly, enhanced water solubility can be achieved through synthetic methods by addition of hydrophilic sidegroups (hydroxyl, amine, etc.) to the carbon cage. Although at least partial solubility in aqueous solvents is ensured when a hydrophilic appendage is covalently attached to C 60 [14] , addition of only one solubilizing chain is usually insufficient to avoid clustering of the derivatives. The hydrophobic carbon spheres tend in such case to stick together, leaving the hydrophilic chains on the outside of the aggregate [15, 16] . One of the highest water solubilities for monofunctionalized fullerenes is attributed to a double-headed dendrimer structure covalently linked by an epoxy bridge to a C 60 molecule [17] . In this case, the size of the sideadduct is comparable with that of the carbon cage itself. In a similar manner, water soluble polymers usually retain their solubility also when they are covalently linked to fullerene species [18] .
A large number of water-soluble fullerene derivatives have been synthesized. [14] Polyhydroxilated fullerene (also known as fullerenol or fullerol, of chemical formula C 60 (OH) n with n between 6 and 44), one of the most studied fullerene derivatives, shows increasing solubility with increasing number of side-adducts. Generally, a fullerenol with fewer than 12 hydroxyl groups on the fullerene cage shows only slight water solubility [19, 20, 21] , whereas the fullerenols with a higher number of hydroxyl groups (e.g. 16, 20-24, 36 or 44) exhibit higher solubility in water, between tens and hundreds of grams per liter [22, 23] . In some cases functionalization leads, besides to hydrophilicity, also to hygroscopic behavior. This is the case for example of polyhidroxylated fullerenes and of the C 60 (ONa) 24 derivative, which are not only hygroscopic but even form stable hydrate phases upon prolonged exposure to air [24, 25] .
It is worth mentioning that, at the other extreme, organic functionalization of C 60 can also be employed to obtain amphiphilic derivatives, [20] or even to enhance the hydrophobicity of pristine fullerene: for example, C 60 functionalized with three eicosyloxy aliphatic chains form hierarchically self-assembled structures with superhydrophobic surfaces [26] .
iii) Film processability from solution. Implementation of an organic material as sensor or solid-state catalyst, or for electronic and optoelectronic applications is only commercially viable if the organic material is easily processable in thin-film form. In order to deposit films and coatings of fullerenes using low-cost solution methods (e.g. spin-coating, solvent-casting, melt extruding, etc.), solutions in volatile or viscous solvents are required. This is hardly achievable with pristine fullerenes due to their low solubility in most solvents [1] . Functionalization allows dissolving fullerene derivatives in volatile solvents, and to achieve much higher solubility in conventional solvents than that of pure C 60 . This in turn allows depositing organic films without resorting to the high vacuum deposition methods usually employed to deposit pristine fullerenes. For example, thin films of C 60 derivatives such as PCBM and other monoadducts [27, 28] may be obtained by solution casting, self-assembly or Langmuir-Blodgett techniques [29, 30, 31] . Such films are better suited for application in electronic and photovoltaic devices.
iv) Tailoring or enhancement of specific properties. The molecular-orbital structure of fullerene derivatives can be tuned by the introduction of heteroatoms or sideadducts, which modify the electronic energy levels, the optical properties and the chemical reactivity. Some of the functionalities that can be achieved by derivatization are, for example, enhanced biological activity and biocompatibility; modified reactivity or enhanced catalytic activity; adherence to a specific substrate; material flexibility or plasticity; enhanced optoelectronic performance. We will review some of these functionalities when discussing the solid-state applications of modified fullerenes (Sections D and E).
A.2. Phenomenology of fullerene functionalization
Buckminsterfullerene consists of sixty carbon atoms arranged on a truncated icosahedron made up of 20 hexagon and 12 pentagon rings. Each carbon has three nearest neighbors as in graphite. Of the 240 valence electrons (four for each carbon), a total of 180 (three for each atom) participate in the sigma bonds which constitute the fullerene backbone, while 60 electrons give rise to delocalized molecular orbitals. The electronic charge distribution is such that two types of C-C edges are present in C 60 , namely 30 shorter "double" bonds that fuse two hexagons (6/6 bonds), and 60 longer "single" bonds that fuse a hexagon with a pentagon (5/6 bonds).
The nanometer-size, football-shaped C 60 molecule is an electron acceptor due to the strong electron affinity of sp 2 -hybridized carbon. This favors reduction rather than oxidation reactions, though the latter can also take place. C 60 is less aromatic and less reactive than one would expect, since double bonds on the pentagon rings are usually avoided as they would lead to a shorter C-C bond length resulting in strain in the ring structure [32] . As a consequence, fullerenes undergo reactions typical of poorlyconjugated and electron-deficient alkenes rather than those of aromatic molecules. A large number of successful methods for the organic functionalization of fullerenes exist, which have made possible the synthesis of a large variety of new molecules [33, 34] . The quasi-spherical shape and large number of carbon atoms of the pristine fullerenes result in a unique ability to form many different products even when addition of only one reagent is considered. The derivatives may differ in the number of sideadducts but also in their relative position, leading to a pronounced isomerism. In this review we focus in particular on monoadducts, of which the prototypical and one of the most studied examples is phenyl-C 61 -butyric acid methyl ester (C 60 -PCBM), and on polyadducts obtained using a single type of sidegroup of simple composition, a preeminent example of which is constituted by polyhydroxilized fullerenes (C 60 (OH) n , also known as fullerenols or fullerols). For these cases isomerism is reduced, though not completely suppressed.
Covalent fullerene derivatives can be classified according to different criteria, such as the type of chemical reaction necessary for their synthesis, the type of bond of the pristine molecule which is broken to link the sideadduct(s), the resulting bond arrangement, the number of C atoms/bonds involved in the functionalization or the number of sideadducts. From a molecular-structure point of view, the outcomes of the functionalization can be classified into four groups (see Fig. 1 ). The first three are obtained by converting one or more  bonds of the parent fullerene molecule into σ bonds linking a sideadduct (i.e., by converting a sp 2 -like carbon atom of the fullerene cage into a sp 3 -hybridized one); the fourth one is obtained by removing also some σ bonds of the parent fullerene, i.e., by effectively breaking the fullerene backbone. The four possible structural outcomes are listed in the next page. The parent fullerene species undergoing derivatization can be C 60 , a higher fullerene, or even an endohedral fullerene containing a guest atom or a molecular cluster inside the carbon cage. Endohedral fullerenes can also be classified according to the same list, as the presence of an encapsulated moiety does not affect the type of bonding achievable on the outer surface of the carbon cage.
i) Addition of a sideadduct via a single covalent bond to a single carbon. In this case a single σ-bond is formed between a carbon atom of the fullerene cage and an atom of the sideadduct (via a reduction or oxidation reaction), so that each adduct is covalently linked to only one carbon of the fullerene cage. The maximum number of adducts depends on the characteristics of the sidegroup: for the very small -H and -F sideadduct (fulleranes and fluorofullerenes), it can go from 1 up to 60 (total number of carbons in the C 60 cage); for a diatomic group such as -OH (fullerol), the highest reported number of sideadducts is 44; for larger atoms or groups, such as -Br, -Cl, -CH 3 , the number of sideadducts can be at most 24 (maximum number of non-adjacent side groups). One should notice that the distribution of sideadducts needs not be symmetric, nor the carbon cage retain its quasi spherical shape (see the upper part of Fig. 1) ii) Addition by C-, O-, or N-epoxy bridging ([2+1]cycloaddition). In this case two fullerene carbons are linked to the same atom of a sideadduct. Also in this case there is a limit to the maximum number of epoxy additions. For epoxydized C 60 O n , the simplest derivatives containing epoxy bridges, the maximum number of adducts is 18 [35] ; for [2+1]cycloaddition to carbon atoms of aromatic sideadducts, the largest reported number of adducts is six, although the most common cases are those of mono-or bisadducts (e.g. PCBM and bis-PCBM).
iii) [2+n]Cycloaddition with n 2. In this case, two fullerene carbons are linked to two or more different atoms of the same sidegroup, forming a ring structure of four or more atoms. The two carbon atoms of the fullerene unit always constitute the edge shared by two hexagonal faces; there are 30 such edges ( [6, 6] [17, 36, 37, 38] , though in some cases also single-bond linking (i) has been employed [39] .
iv) Substitution of one or more carbon atoms with atoms of a different element or with whole groups/moieties. The elemental substitution of fullerene carbon atoms gives rise to heterofullerenes, the most common of which are boron-and nitrogen-substituted fullerenes (borafullerenes and azafullerenes) [40, 41] . In some cases some of the fullerene carbons are removed rather than substituted, resulting in socalled open-cage fullerenes where functionalization is accompanied by partial disruption of the carbon backbone. The carbon cage is "opened" by successive chemical reactions referred to collectively as "fullerene surgery", leading to covalent linking of heterospecies and even oligomers to adjacent carbon atoms of the parent fullerene [42, 43, 44, 45, 46] .
It is worth mentioning two more types of "derivatization" products of C 60 which are not obtained by covalent synthetic chemistry, but which nonetheless constitute important examples of organo-fullerene systems. The first one is represented by non-covalently bonded complexes of fullerenes with different molecules ranging from porphyrines to light harvesting dendrimers, to solvates and hydrates of C 60 or higher fullerenes [47] . A second one is represented by all-carbon nanotubes-fullerene macromolecular hybrids such as peapods [48] and covalently-linked hybrids [43] , and all-C 60 polymer chains and networks observed in solid C 60 phases. If peapods are an extreme example of non-covalently bonded complex, the latter two can be considered very special examples of either single-bond or cycloadditionbonded fullerene derivative or even of heterofullerenes, depending on their structure. About all-fullerene oligomers or polymers, these result via the formation of covalent bonds between neighboring C 60 molecules in condensed phases: for example, fullerite undergoes self-polymerization under UV or visible light irradiation (photopolymerization) [49, 50, 51] , by heating under applied pressure [52] , or upon exohedral doping with some alkali and alkaline-earth elements [53, 54] . These methods lead to the formation of C 60 dimers [55, 56] , 1D-polymer chains [57, 58] , and even 2D and 3D polymer networks [59, 60] .
B) SOLID-STATE STRUCTURE AND PHASE TRANSITIONS
The determination of the solid-state structure of fullerene derivatives is hampered in many cases by a variety of factors. Oligomers with fullerene units covalently linked to them do not usually exhibit crystalline order, as is the case for polymers in general; many smaller derivatives do not allow solid-state structural determination due to their high molecular isomerism and/or structural polymorphism; finally, even when for molecules which can be produced and purified in large enough quantities to allow investigation by diffraction techniques, the determination of their structure is hampered by the large concentration of defects, and by the static or dynamic orientational disorder of the molecules.
For example, pristine fullerite exhibits a rotator phase of freely spinning molecules at ambient temperature. Due to such rotational freedom, only the time-averaged symmetry of the solid may be defined, corresponding to the packing of perfect spheres (rather than truncated icosahedra) into a facecentered cubic (fcc) lattice (see also subsection B.3). At low temperature, where the molecular rotations are frozen and thus the orientation of the molecules becomes important, the lattice structure can be described as a simple cubic (sc) cell with four nonequivalent molecules each with a different orientation [61] . The functionalization of the C 60 molecule results in derivatives with higher number of degrees of freedom and thus more complex molecular and orientational dynamics. As a consequence, while simple diffraction studies of fullerene solids allows determining the overall lattice symmetry (space group), that is, the positions of the centers of mass of the individual fullerenes, a full structural characterization can only be obtained with refinement of high-resolution single-crystal data, due to the (static or dynamic) orientational disorder of the molecules. Information on the molecular rotational dynamics must be obtained with separate techniques such as NMR or dielectric spectroscopy (see subsection B.3).
Structural characterization of endohedral fullerenes is usually hampered by their high isomerism and reactivity. A structural study of the endohedral Kr@C 60 species has shown that the presence of the noble gas atom inside the C 60 molecule does not affect the resulting lattice structure [62] , as may be expected since the endohedral species does not modify in this case the intermolecular interactions. This is however not the case in many other endohedral species in which charge transfer to the fullerene cage takes place, resulting e.g. in the formation of polymer phases, as in Li@C 60 [63] , or in nonzero molecular electrical and even magnetic dipole moment, as in lanthanide endofullerenes [64] . This Section focuses on the lattice symmetry, orientational properties and morphology of exohedrally functionalized fullerenes and non-covalent fullerene-organic complexes.
B.1. Effect of covalent functionalization and cross-linking on the solid-state structure and morphology
In covalently functionalized fullerenes, single atoms or larger adducts are chemically bonded to the carbon cage. The resulting modification of the solid-state structure with respect to pristine fullerite depends on the size and number of the adducts. For example, the lattice symmetry of both C 60 epoxide (C 60 O, obtained by addition of a single oxygen atom) and of C 61 H 2 (addition of a methylene group) is fcc at room temperature, like that of pristine fullerite, as the addition of an epoxide or methylene group represents a relatively small steric modification of the C 60 molecule [65, 66, 67, 68] . The fcc phase of these derivatives, like that of pristine fullerite, displays dynamic orientational disorder; however, the sideadducts are statistically distributed in the octahedral and tetrahedral voids of the fcc lattice and the rotations are not those of a free rotor but rather involve jumps between positions of minimum steric hindrance [65] .
With increasing number or polarity of the sideadducts, the (van der Waals) interactions between the carbon cages becomes less important compared to dipolar interactions or interactions between adducts. For example, some halogenated or hydroxylated fullerenes are asymmetric and polar, leading to highly anisotropic intermolecular reactions resulting in lower-symmetry crystal structures (e.g. monoclinic in the polar Br 6 C 60 derivative [69] ). As the number of adducts increases, the fullerene derivative recovers a more symmetric structure and isotropy, leading to higher crystal symmetries (e.g. bcc in the C 60 H 36 fullerane [70] ). The crystal structure formed by C 60 derivatives with larger sideadducts is in general not unique. For example, PCBM crystals grown from solution display very different structural arrangements, with symmetry ranging from triclinic to hexagonal depending on both the choice of solvent [71, 72] and the growth rate of the crystals [73] . Fullerene derivatives with tail-like sideadducts can form bilayer lamellar structures similar to those observed in blockcopolymers [26, 74] .
Relatively few solid-state structural studies exist on heterofullerenes, due to the fact that many could not yet be isolated. Among heterofullerenes, the best known ones are azafullerene derivatives. The replacement of a carbon atom of the fullerene cage with a nitrogen atom leads to the excess of one electron in the molecular orbital configuration; as a result, stable azafullerenes either exist as dimers, as in (C 59 N) 2 , or they are stabilized by addition of electrodeficient sidegroups, as in C 59 NH (see Fig. 1 ), or via the formation of open-cage-like structures [40] . In the first two cases it is a carbon atom next to the nitrogen heteroatom (and not the heteroatom itself) which binds the adduct. In the case of the (C 59 N) 2 dimers, synchrotron X-ray diffraction measurements have shown that they crystallize in a monoclinic structure (space group C2/m) between 278 and 500 K [75] .
As mentioned at the end of subsection A.2, in the solid state covalent bonds can also form between pristine C 60 molecules, e.g. by irradiation, application of pressure, or intercalation with certain alkali and alkaline-earth elements, resulting in all-fullerene oligomers and polymers. While pristine C 60 fullerite exhibits a rotator phase at room temperature, this is not the case for polymerized samples, since intermolecular linking occurs via [2+2]cycloaddition bonds that connect rigidly four carbon atoms sitting on two next-neighbour fullerenes, so that the molecular orientations are fixed. Atomic force microscopy studies of photopolymerized C 60 films allowed observation of different surface morphologies depending on the temperature at which photopolymerization takes place, with the film surface either composed of dimers and trimers only or presenting a herring-bone structure with longer oligomer chains (up to six molecular units) [51] .
Besides its impact on the molecular-scale arrangement and lattice structure, covalent functionalization can be exploited to control the morphology of the clusters by tuning supramolecular interactions. As an example, alkylconjugated fulleropyrrolidine derivatives form supermolecular clusters with morphologies resembling spheres, conical shells, windmills, spirals, rectangular pans, flowers, stars, sponges, or fibers [26, 74, 76] . While the morphology can be dramatically modified when long or multiple sidechains are present [77] , as in the case of liquidcrystalline fullerenes where the anisotropic structure is mostly determined by the sideadducts [38, 78, 79, 80] , it should be noted that a rich variety of forms are also obtained from solutions of pristine C 60 [77] (see also subsection B.3) and with C 60 derivatives with relatively small adducts; in the latter case, the morphology is found to vary considerably even with relatively minor changes in the molecular structure of the adduct. [81] These studies have shown that a large variety of shapes can be obtained also while maintaining a high C 60 volume fraction, thereby preserving some of the properties of the pristine fullerene matrix.
B.2. Molecular compounds, solvates and hydrates of fullerenes and fullerene derivatives
The equilibrium (lowest energy) packing in a molecular solid normally coincides with the densest possible one. When mixed with organic molecules or small atomic clusters, therefore, fullerenes readily form van der Waals [47] , polar, or ionic [82] molecular compounds (e.g. clathrates, solvates, hydrates) in which the "guest" species accommodated in the space between the globular C 60 molecules so as to maximize the total density. When the guest molecules are small, the lattice structure of the molecular compounds is basically determined by the closepacking of the quasi-spherical C 60 molecules, as in pure and ammonia-intercalated alkali fullerides or in C 60 solvates with small solvent molecules, which exhibit vanishing or even negative excess volumes [83, 84, 85] . Alkali fullerides constitute the simplest example of the effect of exohedral intercalation on the crystal structure: at low alkali content the fcc or sc structure of pristine fullerite is preserved, while for higher alkali content a change takes place to a less compact phase (e.g. a bcc structure) [86, 87] . The binary compound formed by C 60 with another globular molecule, cubane (C 8 H 8 ), displays a structure with virtually no distortion of the pristine fcc fullerite structure [88] .
Organic C 60 solvate crystals are formed by precipitation from solvent solutions of C 60 . The good solubility of C 60 in aromatic hydrocarbons and small-molecule organic solvents [1] has lead to the synthesis of several solvates with different stoichiometries. The solvates display a wide range of structural motifs, summarized in panels a-d of Fig. 2 [47] . While small solvent molecules in low relative concentrations result in solvates with structures that deviate only slightly from the typical cubic structures observed in alkali fullerides, the formation of C 60 compounds with larger solvent molecules or at high solvent concentration is usually accompanied by a change in the stacking arrangement of the fullerenesor by formation of a low-symmetry lattice.
Dense 3D packing of fullerenes ( Fig. 2a) is observed in solvates with small solvent molecules at a stoichiometry of 3:2 (C 60 : solvent molecules) [89, 90] . The lattice structure is hexagonal close-packed, which represents only a minor change in the stacking pattern with respect to the fcc structure of pristine fullerite. C 60 solvates obtained from solvents like pentane [91] , 1-bromobutane [92] , trichloroethane [84] and dichloroethane [85] with 1:1 stoichiometric ratio, are characterized by an intercalation motif that can be described as a stacked bilayer packing (Fig.  2b) . The lattice structure can be orthorombic or hexagonal; as an example, the structural motif observed in the pentane C 60 1:1 solvate is shown in panel e (with the fullerene bilayers oriented vertically). Solvates with 1:2 stoichiometric ratio display lattice symmetries varying from hexagonal to triclinic which can be thought to result from the stacking of alternate layers of fullerenes and guest molecules (Fig. 2c) . This packing motif is for example observed in 1:2 solvates of C 60 with tetragonal molecules (P 4 , CCl 4 ). Larger solvent molecules can result in a framework structure such as depicted in Fig. 2d . At very high stoichiometric ratios of the solvent, the abundance of the solvent leads to the formation of solvent-rich islands in which the C 60 -C 60 van der Waals interactions are negligible, as demonstrated e.g. using CCl 4 and CBrCl 3 with a fullerene-solvent ratio of 1:12 [93, 94, 95] . Ternary molecular complexes can also be formed (e.g. when a second species is dissolved in the solvent together with fullerene); the increased complexity gives rise to yet more complicated types of packing. [47] Besides having an obvious impact on the lattice arrangement, cocrystallization of C 60 with organic species such as solvent molecules lead to specific macroscopic morphologies of the resulting crystallites.
A special class of binary complexes is that of hydrates. These materials may be obtained from aqueous solution but also by prolonged exposure of a hygroscopic fullerene derivative to humid atmosphere. Indeed, functionalization of C 60 with hydrophilic groups leads not only to enhanced solubility in water but also to hygroscopic behavior, as is the case of fullerol C 60 (OH) 24 and the related sodium oxofullerene compound of formula C 60 (ONa) 24 [24, 25, 96] . Hydration of hydrophilic fullerenes may lead to the formation of crystalline hydrates with larger lattice spacing and different symmetry than those of the pure (water-free) derivative [25] . As an example, in Fig. 3 we show the powder X-ray diffraction of pure C 60 (ONa) 24 and of its hydrate of stoichiometry C 60 (ONa) 24 · 16H 2 O. The diffraction pattern of the pure material, which is in fact obtained by heating the hydrate to high temperature, exhibits a much higher scattering background and significantly broader peaks, indicating only partial order and smaller grain size compared to the hydrate (as may be expected considering both the loss of water volume and the possible formation of defects upon the structural change). Moreover, the pure material does not exhibit any clear peak below 2 = 20° and displays main diffraction peaks at much higher scattering angles than the hydrate. This indicates that the pure material is characterized by a smaller first-neighbor distance due to the loss of the structural water.
The X-ray diffraction pattern of the C 60 (ONa) 24 [97, 98] . The authors of [25] report that it was instead not possible to obtain a reliable indexing for the pure material, perhaps due to the low intensity and relatively large width of the lowangle diffraction features in the diffraction pattern. This is not necessarily a problem of purity of the material: as it occurs for C 60 powders obtained from solutions and C 60 solvates in which solvent molecules remain trapped into the re-built lattice [99] , the material resulting from the dehydration process may contain structural defects (such as the well-known solvent-induced stacking faults) which produce broadening, shift or asymmetry of diffraction peaks that vary for different Miller indexes, thus hampering indexation [85] . These studies give an idea of the inherent difficulty of determining the crystal structure of fullerene derivatives, due both to defects in the lattice structure and to the orientational disorder.
As mentioned at the beginning of this subsection, also polar (charge-transfer) molecular compounds exist, which are usually obtained from solution of fullerenes and electrondonor species in a solvent common to both organic species [47, 82, 100] . One of the most studied examples is the salt formed by C 60 with tetrakisdimethylaminoethylene (TDAE), where one electron is transferred from TDAE to the LUMO orbital of Buckminsterfullerene. This organic salt, which only contains elements of the first raw of the periodic table, is insulating and displays a ferromagnetic transition at T c = 16 K [101] . The magnetic moments are due to the unpaired electrons on the (C 60 ) -ions, which are Jahn-Teller-distorted into an elongated shape so that the degeneracy of the C 60 LUMO level is removed and a "belt-like" distribution of the spin density results, with the maximum at the equator and the minimum at the poles [102] . Ferromagnetic coupling is due to the exchange interaction between the LUMO electrons of next-neighbour molecular anions, whose elongated axes are mutually orthogonal to one another [103] .
The cobaltocene salt of a monoadduct C 60 derivative (1-(3-aminophenyl)-1H-methano-fullerene) displays one of the highest ferromagnetic critical temperature reported in pelectron systems. Although the neutral donor contains a transition metal atom (Co), this carries no net spin in its oxidized state, so that the magnetic moments reside entirely on the fullerene units; also in this case magnetism is a consequence of exchange interactions between neighboring fullerene derivatives [104] . Some ammoniated alkali fullerenes also display p-electron magnetism of the carbon Fig. (3) . Powder X-ray diffraction patterns of the C 60 (ONa) 24 cages; these materials display antiferromagnetic phases stable up to liquid-nitrogen temperatures [105] .
B.3. Orientational phase transitions in fullerene solids
As mentioned at the beginning of this Section, in pristine fullerite the molecules rotate very rapidly at room temperature, resulting in an orientationally disordered fcc structure with Fm3m symmetry. Below 260 K this free-rotor motion is reduced to a ratcheting motion between two preferred orientations [106, 107] . Such phase transition displays a temperature hysteresis of 5 K, and takes place at unusually high temperature compared with other systems (for example, in deuterated methane CD 4 , the analogous transition takes place at 20.4 K). The merohedral reorientational motion of the C 60 molecules finally freezes out at a glassy transition at 90 K, below which the lattice structure is simple cubic with Pa3 symmetry [61, 108] .
It is worth mentioning that multiple sublimations, formation of C 60 crystals from solution, or decomposition of solvates can lead to an hexagonal closed packed (hcp) structure instead of an fcc one [83, 109, 110, 111] . The hcp structure differs from the fcc one not only due to the different packing of the hexagonal layers, but also in terms of the orientational dynamics, which in the hcp structure appears to be cylindrical (uniaxial) [110] rather than "spherical" as in the fcc free-rotor structure. Deposition of C 60 from solutions and vapor-driven crystallization not only determine the microscopic molecular arrangement, but can also be used to control the sample morphology; a rich variety of forms can be obtained for pure fullerene crystallites, ranging from nanowhiskers to hexagon plates, to filled and hollow nanospheres [77, 111, 112] .
Since the orientational order in C 60 is mainly due to van der Waals (-) interactions between adjacent molecules, any perturbation to the van der Waals network will affect the symmetry of the structure and alter the nature of rotational transitions. Examples of simple derivatives that display orientational transitions are C 60 O and C 61 H 2 (of the latter, two isomers exist, the 6,6-cyclopropane isomer and the more open 6,5-annulene isomer). The annulene isomer of C 61 H 2 and C 60 O both exhibit transitions analogous to pristine fullerite; however, in the high-temperature fcc phase the molecules do not behave as free rotors due to the fact that the adducts must occupy interstitial voids to avoid steric hindrance (the methyl adduct can only occupy the larger octahedral voids, while at room temperature the epoxy oxygen occupies a octahedral void roughly two thirds of the time and a tetrahedral void one third of the time). This results in an increase of the plastic transition temperature from 260 K in pristine C 60 to 278 K in C 60 O and to 290 K in C 61 H 2 annulene. It has been shown [67, 68] that the increase in the transition temperatures originates from the lower entropy of dynamically-disordered phases of these fullerene derivatives with respect to fullerite, which is again due to the fact that the adducts can only occupy interstitial voids. This suggests that also in pristine fullerite the orientational transitions are entropy-driven, and in the case of C 60 O it indicates that the stronger (dipolar) intermolecular interactions due to the presence of the epoxy moiety have instead a negligible effect on the transition temperature.
The cyclopropane isomer of C 61 H 2 displays a different phase diagram than the annulene isomer. In particular, the low-temperature structure is not Pa3 (as in the simple cubic phases of the other two derivatives and of pristine fullerite), but is instead a low-symmetry orthorhombic lattice in which a ≈ b < c. The orientational melting takes place in this system via a two-step transition around 198-213 K [66] . The C 61 H 2 cyclopropane is the simplest derivative that displays a pronounced deviation from the typical behavior of pristine C 60 . The difference with the annulene isomer might arise from the slightly larger separation of the methyl group from the center of the carbon cage or from its different position on the cage [66] . The presence of larger sideadducts (as in C 60 (Os 4 )(4-tert-butylpyridine) 2 [113, 114] ) or of stronger intermolecular interactions (as in alkali fullerides [6, 115] ) hinders molecular rotations, generally resulting in an increase of the plastic transition temperature.
Intercalation compounds of C 60 with guest molecules (molecular complexes) display orientational transitions that may be close to or far from those of pristine fullerite depending on the guest species. For example, the low-and high-temperature structures of (CO) x C 60 are almost identical to those of fullerite, with the CO molecules confined to the octahedral voids [116] . The intercalation of atmospheric molecules (O 2 , N 2 ) leads similarly to only slight modifications of the orientational transitions: the rotation of the fullerenes is partially impeded by the presence of molecular oxygen, which constrains the rotation to a merohedral motion rather than the free-rotor motion of fcc fullerite [117] . Larger deviations are observed in solvates with bigger molecules, as in cocrystals of fullerenes with cyclic S 8 sulfur rings. In C 60 · 2S 8 , for example, the X-ray diffraction pattern reveal a monoclinic lattice of apparently static fullerene units, while NMR experiments indicate that all carbon atoms are magnetically equivalent. The two observations can only be reconciled by assuming that the C 60 molecules undergo fast jumps between symmetry-equivalent orientations within the solvate [118] . The C 60 · 2S 8 solvate therefore also displays merohedral disorder rather than freerotor motion. Orientational dynamics is observed also in the higher-fullerene solvate C 70 · 6S 8 , with however less rich phase behavior compared to pure C 70 [119] .
An interesting case is that of the fullerene-cubane 1:1 solvate mentioned at the beginning of the previous subsection. The shape of the cubane is somehow complementary to that of the C 60 molecules, so that this molecule fits almost perfectly in the octahedral voids of a slightly enlarged fcc lattice of C 60 molecules [88] . As a result, the free rotor phase of pure C 60 is preserved in this solvate down to 140 K. The reduction of the transition temperature is likely due to the weakening of the C 60 -C 60 interactions brought about by the lattice expansion.
C) ELECTRONIC AND RELATED PROPERTIES
Because neutral molecules have a totally filled valence shell and orbital overlap of neighboring molecules is small even in the solid state, pure molecular materials exhibit narrow electronic bands which at zero Kelvin are either totally filled (e.g. the valence band) or totally empty (as e.g. the conduction band). This results in a semiconducting or insulating character of molecular solids. Fullerenes and their derivatives also form electrically insulating or at best semiconducting phases, which as such display poor charge transport and poor heat transport properties. Fig. 4 presents a visual comparison of the energy position of the HOMO and LUMO orbitals of several C 60 derivatives [12, 120, 121, 122] . Although the symmetry of a derivative is generally lower than that of the parent fullerene, many molecules retain the threefold degeneracy of the LUMOderived band of C 60 . The energy of the HOMO and LUMO electronic levels may be estimated by calculation, cyclic voltammetry measurements, or electron spectroscopy; values obtained with different methods usually show good agreement [12, 123] . As may be observed, in covalent C 60 derivatives both levels are generally shifted to less negative energies compared to pristine C 60 , and this is true also for derivatives obtained by the less common fullerene oxidation reactions [120] . The higher energy position of the molecular electronic levels of functionalized C 60 may be expected, as valence electrons are less delocalized in the derivatives than in pristine C 60 , resulting in electronic tighter confinement and thus higher energy. This effect is due fundamentally to the modification of the electron distribution induced by the formation of covalent bonds to the sideadducts, and does not depend on the linear size of the adducts, as shown for example in the case of the [2+3]fulleropyrrolidine C 60 derivatives [123] . Fulleropyrrolidines display almost identical HOMO and LUMO electron distributions, which are moreover very similar to those of the [2+1]epoxy-bonded C 60 -PCBM derivative. On the other hand, it may be observed in Fig. 4 that the bandgap (energy separation between the LUMO and HOMO levels) of the fullerene derivatives can be larger or smaller than that of the parent molecule, resulting in a modification of the optical properties.
C.1. Energy levels and band formation in the solid state
Electron-based spectroscopy techniques (direct and inverse photoemission, electron-tunnelling spectroscopy) can be employed to probe the occupied and unoccupied electronic density of states in fullerene solids [12, 58, 124, 125, 126, 127, 128 ]. An example is given in Fig. 5 , which shows the valence-band photoemission and inverse photoemission spectra of films of two C 60 derivatives, namely the PCBM bisadduct and the Ketolactam-1 monoadduct [12] . Each peak corresponds to an electronic band derived from a molecular orbital, and its position reflects the energy of that band relative to the vacuum level. It is important to note that in electronic spectra the width of the features does not reflect that of the corresponding electronic bands, which are instead much narrower. The large width of the spectral features is mostly due to FranckCondon broadening (i.e., to phonon satellites) with a less important contribution of band dispersion effects. Evidence for such effects is provided by several electron spectroscopy studies on C 60 films, both for the occupied and empty states [128, 129, 130, 131] .
C.2. Heat and charge transport
As mentioned at the beginning of this Section, fullerenes and their derivatives form electrically insulating or semiconducting solids. If heat conduction is generally poor in electrical insulators, it is even lower in molecular solids due to the local (single-molecule) nature of the lattice vibrations, as evidenced in early studies on pristine fullerite . (4) . HOMO and LUMO levels (with respect to the vacuum level) of for C60 (1) and thirteen C60 derivatives used as electron acceptors (n-type organic semiconductors): (2) PCBM (Fig. 1), (3) bis-PCBM, (4) Ketolactam-1 monoadduct (from [12] ); (5) indene monoadduct, (6) indene bisadduct ( Fig. 1) , (7) [132] . Recent studies on functionalized fullerenes such as PCBM have shown [133, 134] that heat transport in dense films of these derivatives is even less than the theoretical lower bound for the thermal conductivity in a condensed phase (obtained considering the random walk of the vibrational energy on the time and length scales of atomic vibrations and interatomic spacing [135] ), a phenomenon referred to as ultra-low thermal conductivity [134] .
As to the charge transport in fullerene solids it may be due either to electrons/holes introduced by thermal excitation and by the presence of defects or impurities, as in other organic semiconductors, or else to small ionic species (usually cations) diffusing through the organic matrix. Since fullerenes and their derivatives are electron acceptors, they typically behave as n-type semiconductors in which charge carriers are electrons in the LUMO-derived band rather than holes in the HOMO-derived band (though in some cases ambipolar conduction is observed, as discussed in subsection D.1). Cations or protons, if present either as constituents or as impurities, can also contribute to and even dominate the overall charge transport [24, 53, 136, 137] .
In order to determine the occurrence of proton conduction, the dc conductivity is often measured as function of the relative humidity (and possibly the temperature) [137] , although this approach is not conclusive to discriminate between proton and ion conduction as ionic charge transport is also affected by the relative humidity [138] . Isotopic substitution experiments are better suited to identify proton conduction [139] . The identification of an electronic (as opposed to an ionic or protonic) mechanism underlying the charge transport is more straightforward, and can be achieved by performing simple temperaturedependent conductivity measurements [140] . An example is shown in Fig. 6 , which exhibits the dc conductivity of C 60 (OH) 24 fullerol (panel a) and of the sodium-substituted fullerol-like derivative C 60 (ONa) 24 (b), as obtained from dielectric spectroscopy data [96, 140] .
The data are shown as Arrhenius plots (Log(σ dc ) versus 1/T) in panels a and b, and as derivative Arrhenius plots (i.e., as apparent activation energy, defined as E a = -k B d(Ln(σ dc ))/d(1/T)) in their insets. The Arrhenius plots of both dc conductivities display a slight positive curvature, visible from the slight increase of the apparent activation energy with increasing temperature. The experimental points were fitted assuming a power-law dependence of the form Log(σ dc ) = A -B/T n . The result of the fit for different samples gave a value of the power n of 0.43 ± 0.05 for C 60 (OH) 24 and 0.55 ± 0.05 for C 60 (ONa) 24 , respectively. These values are very close to the theoretical value of 1/2 that corresponds to variable-range hopping electronic conductivity [141, 142] , and which is observed experimentally in a large variety of systems [141, 143, 144, 145] . In contrast, ion conductors display a large variety of temperature-dependencies, from simplyactivated Arrhenius behavior with a sharp onset at a well defined temperature [136] , to non-Arrhenius behavior with positive or negative curvature [146] .
The T -1/2 power-law dependence observed for both derivatives can be also visualized by plotting the logarithm of σ dc versus 100/√T, as shown in Fig. 6c . The conductivity values are very similar in both derivatives. Looking at C 60 (ONa) 24 data, it may be concluded that the conductivity remains purely electronic up to high temperature; indeed no ionic contribution to the conductivity is observed at least up to 525 K despite the high concentration of sodium species [140] .
It has been shown in studies of aqueous solutions and hydrated membranes containing oligohydroxilated fullerenes (C 60 (OH) x with x between 8 and 12) that the presence of these fullerene derivatives boosts the overall proton conductivity of the solution or membrane [147, 148, 149] . Fig. (6) . Arrhenius plot of the σ dc of fullerol (C 60 (OH) 24 , a), measured by dielectric spectroscopy upon cooling from 423 to 323 K, and of sodium oxofullerene (C 60 (ONa) 24 Similarly, an early claim of ionic conductivity in pure solidstate fullerol was made [150] . As seen in Fig. 6 , the related C 60 (OH) 24 and C 60 (ONa) 24 compounds do not show exhibit protonic (or ionic) conductivity but only electronic conduction. Instead, C 60 (ONa) 24 exposed to humid air and the C 60 (ONa) 24 · 16H 2 O hydrate show fingerprints of proton conduction both through surface hydration layers and by a mechanism involving the structural water [25] . These findings suggest that the fullerol derivatives C 60 (OH) x and C 60 (ONa) x only act as proton conductors when hydrated, that is, when water is the source of the protonic charge carriers, as found also for other fullerene derivatives [149] .
While experiments on polycrystalline powders (or pellets obtained thereof) as those of Fig. 6 can only shed light on the type of conduction, absolute measurements of conductivity and mobility must be carried out in thin film form, which is also the most suitable one for electronic and optoelectronic applications [151] . We will consider the outcome of such experiments in Section D.
C.3. Optical properties
C 60 absorbs strongly in the UV and visible regions of the electromagnetic spectrum, and displays in particular an absorption maximum at 620 nm corresponding to HOMO-to-LUMO excitations to a singlet exciton state. The singlet exciton yields a faint fluorescence emission at 703 nm [152] , but it decays preferentially into the lowest triplet excited state by intersystem crossing (with near unit efficiency). While in air the triplet state decays by excitation of molecular oxygen, in degassed solvents it undergoes nonradiative decay with a lifetime of 133 μs. Monoadducts of C 60 fluoresce at 698-703 nm with quantum yields similar to, although usually higher than, pristine C 60 [153] . The characteristic frequencies of the lowest-energy singlet and triplet states of monoadduct derivatives are also similar to those of pristine C 60 [154] . This is true despite the change in symmetry and energy separation (see Fig. 4 ) between the HOMO and LUMO levels.
As the fluorescence is generally weak, the color of the fullerene derivatives under white light illumination, both in powder form and in solution, is determined by the spectral profile of absorption of visible light. While the lowestenergy excitonic states are not significantly affected by functionalization, leading to similar onsets of absorption and fluorescence, the overall changes in the molecular orbital structure away from the Fermi level leads to modified absorption with respect to pristine C 60 and thus to a different color of the derivative [155] . For example, the color of fullerane C 60 H n depends on the level of hydrogenation, changing from very dark brown or black to red, and finally to very light yellow with increasing hydrogen content; similarly, the color of C 70 changes from brown to green for C 70 H 38 [156] . In polyhidroxylated C 60 (fullerol), the color shifts from dark brown to yellowish white with increasing number of OH adducts. This is shown in Fig. 7 , which displays color photographs of C 60 and polyhydroxilated fullerene powders and of their solutions in appropriate solvents [24] .
It is worth pointing out that, besides for the modification of the linear optical properties, functionalization of fullerenes has also been performed with the aim of tuning and enhancing the nonlinear optical response of the fullerene moieties [157, 158] .
D) IMPLEMENTATION IN ELECTRONIC AND OPTOELECTRONIC DEVICES
As mentioned in the introduction, chemical functionalization of pristine fullerenes has yielded soluble derivatives that have been used to realize organic electronic [159, 160, 161, 162] and optoelectronic [163, 164, 165, 166, 167] devices. The outcome of these studies will be reviewed only briefly, as several specific reviews have appeared on the (opto)electronic properties of fullerene systems.
D.1. Field-effect mobility studies
Due to their electron affinity, fullerenes and their derivatives have been investigated as electron-transporting (n-channel) materials. While air-stable organic holetransporting (p-channel) semiconductors with high performance are easily obtained, air-stable n-channel organic materials with equivalent performance have only been achieved in the last few years, with fullerenes derivatives being one of the few examples. The difficulty of achieving air-stable organic n-channel semiconductors lies in the detrimental effect of adsorbed atmospheric oxidants such as O 2 and water, which leads to mobility degradation by electron trapping [168, 169, 170] . In order to achieve airstable devices, it has been necessary to synthesize fullerene derivatives with LUMO levels lying below the trap energy of adsorbed oxidants and in particular of water [169, 171] , which is located at an electron affinity of approximately -4 eV below the vacuum level [170] . It may be seen from Fig. 2 that several fullerene derivatives which were synthesized for the purpose do indeed display LUMO levels above this threshold. Besides the higher energy of the LUMO orbital, the other beneficial effect of organic functionalization in these cases is that of introducing sideadducts which offer steric hindrance against diffusion of atmospheric oxidants below the film surface [169, 172] .
As for the mobility values, the highest electron mobility of any small-molecule semiconductor has been measured in thin-film transistor geometry on C 60 films obtained by hot wall epitaxy on a polymeric BCB dielectric, and it is roughly 6 cm 2 /Vs [173, 174, 175] . Solution-processed films can be achieved with derivatives such as C 60 -PCBM (see Fig. 1 ) or C 70 -PCBM. While functionalized fullerenes offer clear advantages in terms of low-cost film deposition, the typical electron mobility when using BCB as substrate is more than a decade lower than that of vapour-deposited C 60 films [176, 177] . C 84 -PCBM organic films exhibit yet lower electron mobility of about 0.5 · 10 -3 cm 2 /Vs; however, organic FET devices based on this derivative were found to operate upon exposure to light and air during months, which represents an obvious improvement with respect to pristine fullerenes [11] . The value of the mobility and the nature of charge carriers depend not only on the derivative, but also on the choice of substrate and most importantly of the contact electrodes, as it is the alignment of electrode and organic material that determines the energy barriers for injection of charge carriers. For example, while in many cases electron (rather than hole) conduction is reported, ambipolar transport can be achieved in C 60 -PCBM and C 70 -PCBM films using gold bottom contacts on a HMDS-treated SiO 2 dielectric [178, 179] . More complex derivatives displaying ambipolar transport are conjugated polymers where each monomer is covalently linked to a fullerene unit [36, 180] . Ambipolar transport is crucial to the performance of photovoltaic devices, where it is usually achieved by blending the electron-conducting fullerenes with hole-conducting polymers (rather than by using a single fullerene derivative) as detailed in the next subsection. The possibility of tuning the molecular orbital energies by chemical design allows modifying both the light-absorption properties and the alignment of electronic levels at interfaces [181] , which can be tailored to enhance optoelectronic device performance.
D.2. Optoelectronic properties of fullerene derivatives with electron-donor molecules
In combination with electron-donating conjugated molecules, fullerene derivatives have been employed for charge-separation [182] and light-detection [183] applications that exploit their high electron affinity.
Combination with electron donors results in high quantum yields of exciton separation thanks to the deep-lying LUMO level of the fullerene species, which favors efficient photoinduced electron transfer from the donor [184, 185] . For example, porphyrin-fullerene linked dyads have been extensively studied, based on the fact that porphyrins play an essential role for charge separation in natural photosynthesis [186, 187, 188, 189, 190] . Efficient photo-induced electron transfer to relatively long-lived charge-separated states is observed in such dyads. More sophisticated macromolecular fullerene complexes have been proposed as model systems for artificial photosynthesis, light harvesting and energy storage systems [191, 192, 193, 194, 195, 196] .
Following the observation of ultrafast photo-induced electron transfer from conjugated polymers to pristine C 60 [197] , a large number of studies have focused on the implementation of fullerenes and their derivatives (especially C 60 -PCBM and C 70 -PCBM) in organic solar cells. While using donor-fullerene dyads as single active components provides excellent excitons dissociation yields, it also limits the interface between donating and accepting domains to the molecular size, leading to low overall efficiency. In fact, fullerene-based photovoltaic devices do not use molecular dyads as active material, but rather rely on fullerenecontaining polymer blends to enhance electron and hole transport to opposite electrodes by means of a bi-continuous interpenetrating network [198] , leading to what is known as heterojunction polymer solar cells. The conjugated polymers act as electron donors, and functionalized fullerenes such as methanofullerenes and indene-fullerene derivatives [181, 199, 200, 201] as acceptor molecules: after creation of excitons by absorption of light, they are separated by electron transfer from the donor's LUMO to the lower-lying fullerene LUMO. Under the built-in electric field caused by two asymmetric contacts, the holes are then transported through the (n-channel) polymer network and the electrons through the (p-channel) fullerene derivatives to their respective electrodes. The research on fullerene bulk heterojunction solar cells has boosted their efficiency from only 0.04% in 1993 to over 9%, making fullerene-based organic photovoltaics a commercially viable alternative for low-cost applications [202, 203] . A lot of effort has been devoted to developing new fullerene derivatives to improve device efficiency [200] , for example by exploring bis-and tris-adduct derivatives [204, 205, 206] or exotic functionalization [207] , by choosing C 70 instead of C 60 for derivatization, [208] or by combining efficient charge transfer and ambipolar charge transport in a single derivative [209] . The cell efficiency depends however in a critical way on the morphology and connectivity of the blend [71] , which in turns depend on a variety of factors, so that improvement of device performance by chemical design is not straightforward [203, 210] .
While fullerene dyads have not proven ideal for photovoltaic applications, it has been recently pointed out [183] that they can work as efficient active components in photodetectors, where an external voltage bias is applied to favour charge transport and collection [211] . A simple vertical-device-geometry photodetector using a fulleropyrrolidine-squaraine blue dyad has been demonstrated. With an applied reverse voltage bias of 1 V, the device exhibits approximately 10% external quantum efficiency (Fig. 8b) , both in the red/near-IR portion of the spectrum, due to efficient photoinduced electron transfer from the excited state of the squaraine to the LUMO of the fulleropyrrolidine, and in the UV below 400 nm (where the donor does not absorb light, see Fig. 8a ), thanks to the photoinduced hole transfer taking place from the fullerene derivative to the HOMO of the squaraine [183] .
E) SOLID-STATE CHEMISTRY AND CATALYTIC PROPERTIES
Functionalization of fullerenes yields new species with modified chemical reactivity and usually different electrochemical and photochemical properties than the parent molecule. For example, most C 60 derivatives display reduction potentials that are cathodically shifted (i.e., their reduction requires a greater negative potential) relative to pristine C 60 , except when strongly electronegative atoms or moieties are covalently bonded to the cage. Functionalized fullerenes are generally not able to undergo as many reversible reduction waves as pristine C 60 , with some of them incapable of reversible reduction (in general, the larger the number of covalent sideadducts, the larger the cathodic shift in reduction potentials, and the less likely the reversibility of the reduction waves). The presence of adducts covalently attached onto the carbon cage allows the employment of substitution chemistry techniques to produce further derivatives with different sidegroups. In this Section we review some of the solid-state chemistry applications that exploit the enhanced functionality of fullerene derivatives.
E.1. Catalytic activity
The monodisperse nano-sized molecular structure and the electron affinity of the pristine fullerenes are very desirable properties for catalytic applications. However, the lack of active sites on the fullerene cages prevents their direct use in catalysis: only few studies exist on pristine fullerenes, mainly on their use a component in composite catalysts [212, 213, 214] or as sub-micron-size patterned crystalline catalyst supports [112] . Functionalization of fullerenes can introduce active sites for catalytic activity. For example, it has been recently shown that fullerol acts as an excellent hydrogen-bond catalyst in several organic reactions [215] . Hydrogen bond catalysis requires the catalysts to provide hydroxyl groups for hydrogen bonding with reactants, and fullerol is thus perfectly suited for this kind of applications. Fullerol displays high activity, 100% product selectivity and superb stability in Henry reactions [215] . Even more recently, ionic salts of the polar C 60 (OH) 8 fullerol derivative [21] have been shown to work as solid-state electrochemical catalysts for the hydrogen evolution reaction. The formal charges in theses salts are Na -. The hydrogen evolution reaction occurs via a Volmer-Heyrosky mechanism, with the water molecules forming, prior to decomposition, a hydrogen bond with one or two hydroxyl groups of the fullerol moieties, while simultaneously bonding to the alkali counter-ion [216] .
It is worth mentioning that a recent theoretical study [217] suggested that nitrogen-substitution of one or more carbon atoms of the pristine fullerene cage should result in azafullerenes with strong electrocatalytic properties for the water formation reaction, thanks to the partially reducing character of the C-N (Pauling) sites. Nitrogen-substituted heterofullerenes are therefore of potential interest as cathode catalysts for hydrogen fuel cells. C 60 films are known to work as high-resolution negative electron beam resists with high dry-etch durability; however, C 60 films cannot be prepared by spin-coating because of the low viscosity of the C 60 solutions, and the sensitivity of the resist is not very high [218] . Molecular and polymeric fullerene derivatives have been proposed for chemicallyamplified electron-beam resist applications [219, 220] . Fullerene derivatives containing polyethyleneglycol side chains exhibit high sensitivity and resolution, good lower line width roughness, and excellent etch durability [221] . However, halogenated solvents are required for the spincasting and development of these resists, and such solvents are not acceptable (safe) for commercial use. This problem was recently solved by using phenol-based fullerene derivatives [222] , which are compatible with industryapproved casting solvents and developers.
E.2. Fullerene derivatives as chemically amplified electron-beam resists

E.3. Electrochemical devices employing fullerene derivatives
Carbonaceous materials such as graphite have been widely used as anodes in commercial Li-ion batteries for several years [223] . Early studies on C 60 and C 70 electrodes to investigate their possible implementation in electrochemical cells showed however poor reversibility of lithium intercalation [224] . More recent studies on (poly)crystalline lithium fullerides have demonstrated the possibility of intercalating up to 28 Li atoms per C 60 molecules, with the formation of Li clusters in the interstitial sites [225] . Such high concentration is clearly not compatible with total ionization and charge transfer from lithium to the C 60 units, as these can accommodate only up to 6 electrons in their LUMO-derived level, so that partial covalency and hybridization of electronic levels have been suggested [226] . Partial charge transfer of only three electrons per C 60 unit has been reported [126] in the lowest-stoichiometry stable crystalline compound, of chemical formula Li 4 C 60 [136] . A similar maximum charge transfer was found in Li 12 [156] . These findings entail that lithium in excess of 3 or 4 atoms per C 60 is present as neutral Li and as such does not contribute to the charge storage. As a consequence, despite the relatively high room-temperature mobility reported e.g. in the Li 4 C 60 compound [136] , commercial application of pristine fullerenes in Li-ion batteries is not viable due to poor electrochemical reversibility and low ion density.
Fullerene derivatives have been probed in search for more suitable materials for Li-ion electrochemical applications. Higher Li-storage capacities and electrochemical stabilities were observed in hydrogenated fullerenes (fulleranes) with compositions C 60 H n with n up to 60 and C 70 H n with n up to 70. In these systems the lithium intercalation capacity was found to be dependent on the degree of hydrogenation, suggesting that Li stockage occurs via Li -H bonding rather than as interstitial clustering. The storage capacity was however only partially reversible [156] .
More recently an oxidized fullerene derivative, of chemical formula C 60 O 10 , has been investigated as storage material for Li-ion battery applications [227] . This material was obtained by pyrolysis of a molecular salt with silver (chemical formula Ag 4 C 60 O 9 (OH) 12 ), which yielded C 60 O 10 intermixed with Ag nanoparticles. In galvanostatic chargedischarge experiments using a fullerene-coated copper electrode and a lithium-metal reference electrode, both the pure C 60 O 10 derivative and its nanocomposite with metallic silver showed relatively high discharge capacity, with reasonable stability over fifty charge-discharge cycles. Cyclic voltammetry on the C 60 O 10 /Ag nanocomposite sample revealed a cathodic peak at 0.37 V, ascribed to the formation of a Li n (C 60 O 10 ) salt, and two anodic peaks at 0.82 and 1.35 V that are assigned to the liberation of Li + from such salt [227] . The observation of reversible redox reactions between C 60 O 10 and Li + indicates that this oxidized fullerene derivative might be interesting as anode material or modifier for Li-ion batteries.
The C 60 H n fullerane derivatives have been investigated also for hydrogen storage applications. Fulleranes of varying stoichiometries can be obtained via different methods: bombardment with atomic hydrogen [228] , Birch reduction [229] , zinc acid reduction [230] , hydrogen atom transfer from 9,10-dihydroanthracene [231] , or direct solid phase hydrogenation at elevated temperatures and pressures for extended periods of time (>400 °C and >100 bar of H 2 ) [232] . Dehydrogenation by annealing the pure C 60 fulleranes material to extract back molecular H 2 gas is not commercially viable: a major drawback of fulleranes as hydrogen storage materials is the high temperature (>500 °C) required for hydrogen desorption, which is due to the molecular stability enhancement with increasing degree of hydrogenation. The strong binding of the hydrogen adducts also causes partial decomposition of the carbon cage upon dehydrogenation, so that the desorption of hydrogen from fulleranes is accompanied by release of hydrocarbons and formation of polycyclic aromatic hydrocarbons [233, 234, 235] . Some studies have shown that hydrogenation/dehydrogenation processes can be achieved for C 60 dissolved in organic solvents (such as toluene) [229] ; however, in most cases hydrogenation was irreversible, or dehydrogenation incomplete [236, 237, 238] .
On the other hand, it has been recently shown [239] that a alkali-organic fullerene derivative, of average chemical formula Li x C 60 H y with x close to 6, can be used as active material for reversible hydrogen storage. The material, which displays an average charge transfer of six electrons to the C 60 cages and the spectral signature of partial selfpolymerization (possibly related to the presence of a minority polymeric Li 4 C 60 phase [126, 136] ), is able to undergo reversible hydrogenation to Li 6 C 60 H 40 , withy = 40 covalently linked hydrogens. Hydrogen storage is achieved by heating the Li x C 60 material to between 200 and 350 °C under an applied H 2 pressure between 25 and 100 bars. Hydrogen storage of 5% in weight is achieved by applying °C, and the hydrogen release shows an onset at 270 °C in thermogravimetry-residual gas analysis experiments [239] .
Considering the catalytic activity, proton conduction properties and potentially high storage density of some fullerene derivatives, the possible implementation of functionalized C 60 in fuel cells should be further investigated in future experimental studies.
CONFLICT OF INTEREST
